[1] An entropy balance equation including the transfers of heat and mass, work of external force of the ocean is presented and discussed. Entropy flux through the sea surface are calculated, and the results show that entropy flux due to heat transfer is about À555.6 mWm 
Introduction
[2] The principles of energy, momentum and mass balances provide the fundamental theories for modern dynamical system. The regular approach to the theoretical study of dynamic systems is to employ a model based on these principles and examine its sensitivity to selected parameters. As an alternative philosophy, the present approach is based on the thermodynamic description of the system. Paltridge [1975] is the first to discuss this approach by speculatively connecting the steady state minimization of climate model parameter with Prigogine's minimum entropy production theorem [Prigogine, 1967] . Although Paltridge [1978 Paltridge [ , 1979 Paltridge [ , 1981 drops this particular topic in some sense later, the idea of irreversible thermodynamics and its terminology remain topical. In particular, entropy as a crucial parameter of irreversible thermodynamics is subsequently discussed later by Nicolis and Nicolis [1980] , Grassl [1981] , Noda and Tokioka [1983] , Peixoto et al. [1991] , Stephens and O'Brien [1993] , and Paltridge [2001] , etc. Although the climate theory based on thermodynamics is not developed as well as the energy, momentum and mass balance theory, it is still very attractive because entropy as a quantitative measure to disorder is important to study the thermodynamic behavior like climatic phenomena. Being a major component of the climate system, the ocean has various irreversible processes. However, few attentions have been paid on it from the viewpoint of irreversible thermodynamics. This paper is to throw some light on the oceanic entropy by presenting and discussing local entropy balance equation, and evaluating its budget.
Entropy Balance Equation
[3] According to non-equilibrium thermodynamics [Prigogine, 1962] , the time derivative of entropy (h) for an open system can be written as
where d e h/dt is the rate of entropy exchange across the boundaries of the system, d i h/dt is the rate of entropy production inside the system. According to the second Law of thermodynamics, the generation inside the system is always nonnegative, d i h ! 0. In other words, the second law of thermodynamics implies the entropy increase monotonically until it reaches its maximum at the state of thermodynamics equilibrium. Maximum entropy means complete randomness, disorder.
[4] For an isolated system (d e h = 0), the entropy increases with time and finally reaches its maximum when the system achieves an equilibrium state [Glansdroff and Prigogine, 1971] . But for an open system, because of the energy and mass transfers (d e h 6 ¼ 0), when d e h Àd i h, there exits
Equation (2) indicates that a decrease of entropy of a system means an increase in available energy and an evolution toward a state of greater order, i.e., nonlinear interactions frequently lead to order (''dissipative structures'') through fluctuations. A dissipative order structure is visible in a macroscale when the system is in a far-fromequilibrium-state.
[5] Assuming an open system is in a steady condition (dh = 0), we have
Equation (3) indicates that the entropy flux flowing into the system must be equal to that produced inside the system. Then we can quantitatively calculate the entropy production using entropy flux with equation (3), and throw some light on the dissipative processes inside the system.
[6] Although the ocean is not in equilibrium due to fluxes of heat, freshwater and work of wind stress, we may assume that there exists a state of local equilibrium, so that we can accept the formal relations developed in equilibrium thermodynamics [Prigogine, 1962] . Furthermore, we assume seawater is composed of pure water and salt, and all energy and mass transfers only on the air-sea interface. The intensive differential form of the local entropy balance equation is [Fofonoff, 1962] where h, e, p, v, m, S, T are specific entropy, specific internal energy, pressure, specific volume, relative chemical potential, salinity and the absolute temperature of blackbody radiation, respectively.
[7] The energy budget (Q net ) at the sea surface include radiant energy (longwave Q lw , shortwave Q sw ) and nonradiant energy (sensible heat Q sh , latent heat Q lh ).
By substituting equation (5) into the first term on the right hand of equation (4), we can derive ''heat entropy'' equation. However, a few remarks should be mentioned here on the relations between the flux of heat entropy and the heat. Grassl [1981] notes that the radiant energy (Q lw , Q sw ) should not be treated in the same way as the nonradiant flux (Q sh , Q lh ) in calculating the entropy flux, but he doesn't pursue it. A number of studies have mentioned this later [e.g., Noda and Tokioka, 1983; Stephens and O'Brien, 1993] . Here it is necessary for us to deduce this relation. In terms of the radiant energy, the relations of radiant energy density (Q r ) and the entropy density (h r ) can be derivated from the law of Planck and Stefan-Boltzmann [Kittel and Kroemer, 1980 ]
where c is the speed of light, h is the Planck's constant. The relation of the differential form of Q r and h r can be obtained with equations (6a) and (6b), namely
[8] The conservation of energy leads to
where F r is the sum of longwave radiant energy flux F lw and shortwave radiant energy flux F sw , F nr is the sum of sensible heat flux F sh and latent heat flux F lh . By substituting equations (7) and (8) into the first term on the right hand of equation (4) and considering the difference of the blackbody radiant temperature, the local balance equation of entropy for heat transfer is
where T sun and T sst are the temperatures of the Sun and the sea surface, S and dS are the areas of the global sea surface and the each grid cell, respectively.
[9] In term of mass transfer, the local ''mass entropy'' equation can be obtained by expanding the relative chemical potential (m) as salinity series in S 0 = 35% [Fofonoff, 1962] 
where I 0 , k(1.38 Â 10 À23 JK
À1
) and M(9.63 Â 10 À26 Kg) are the freshwater flux, Boltzmann's constant and molecular weight of salt, respectively; In theory, c = kS
, but we use the experimental value c = 8.75 J Á (K Á g) À1 in the calculation.
[10] According to Kraus [1972] , the work of surface wind stress can be written as W = tu * , then the entropy flux result from work is [De Groot and Mazur, 1962] 
where u * $ 0.05 U 10 is the dynamical wind speed at the surface, U 10 is the 10 m wind speed, t is the tangential wind stress.
Data and Analysis
[11] The data ''air-sea fluxes climatology'' are from the Southampton Oceanography Centre (SOC) [see Grist and Josey, 2003 ] and the sea surface salinity from Levitus [1982] . Because the heat fluxes in SOC database are not balanced, we have to adjust them. It is well known that the latent heat flux subjected to many unstable parameters exhibits a significant bias, so it becomes the primary target to be adjusted. Postulating A lh is the adjust coefficient and the corresponding energy terms must obey the energy balance equation, then
the coefficient A lh can be obtained as 0.9763.
[12] Actually, the evaporation (E v ) has been changed during the adjustment of the latent heat. In order to get the balance of freshwater budget again, the precipitation (P r ) is adjusted as
We get the coefficient A p = 1.0376. Then substituting equation (9) to equation (13) in the equation (4), the local balance equation of entropy for the sea surface can be obtained
where the first two terms on the right side of equation (14) give the fluxes of entropy associated with the transfers of the energy and mass, respectively, the third term is entropy flux by work of sea surface wind stress.
Results
[13] (1). ''Heat Entropy'' Flux. Based on the expression of the ''heat entropy'' flux, the global ocean annual mean heat entropy flux is calculated with twelve months average (Figure 1) . The ''heat entropy'' flux at the sea surface is negative everywhere, which shows very different with the result of Noda and Tokioka [1983] . Perhaps it is due to the different expression of energy entropy. In this paper, we consider the large difference of blackbody radiant temperatures between the Sun and the sea surface, and the multiplicative factor ''4/3'' of the radiant energy term.
[14] (2). ''Mass Entropy'' Flux. Global ocean annual mean entropy flux due to mass transfer is shown in Figure 2 . The ocean receives a net input of positive entropy flux in the equatorial and polar regions where there is a net input of freshwater (excess rain or snow), while in the subtropical regions, the ocean receives a net input of negative entropy flux because of excess evaporation. According to Prigogine's mass regression theorem [Prigogine, 1955] , the variation of the entropy flux with the latitude results from the input of low entropy embodying in precipitation and the output of high entropy in evaporation.
[15] (3). ''Work Entropy'' Flux. The flux of entropy associated with the work done by the sea surface wind stress is shown in Figure 3 . It is well known that ocean receives kinetic energy from the atmosphere system through the wind stress at the surface. The kinetic energy entering the system is independent on the entropy change if it takes place in a reversible manner. However, it is generally accepted that the ocean is a viscous system, the supplied energy will inevitably convert into heat by viscous dissipation in the ocean, and this heat will contribute to the change of entropy.
[16] (4). Global sea surface entropy flux. An estimation of the annual mean entropy budget of the global ocean can be given in Figure 4 by integrating the global entropy flux in the entire sea surface. The rate of the shortwave entropy flux through the sea surface is 35.7 mWm . Then the sum of all the entropy fluxes is À555.7 mWm À2 K À1 . According to equation (3), the mean rate of generation of entropy inside the ocean must be 555.7 mWm À2 K À1 , when the ocean is in a steady condition.
Conclusions
[17] The entropy balance equation of the sea surface associated with the transfers of energy, mass and work done by the wind stress is developed. In this equation, more attentions have been paid to heat entropy flux including the difference between the entropy flux of radiant heat and nonradiant heat. At the same time, we consider the great difference of the temperature between the Sun and the sea surface. Finally, the total flux of entropy is calculated and the result show that the ocean system receives À555.7 mWm À2 K À1 of negative flux from its surroundings, and the generation inside the system is 555.7 mWm À2 K
À1
under the steady condition (see equation (3)). In other words, the influx of ''negative entropy'' is responsible for the formation and maintenance of all kinds of orderly processes such as the meteorological phenomena, hydrological cycle and the large-scale circulation in the ocean system.
